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Abstract 

I present a brief overview of the advantages of using a consistent effective Lagrangian approach in 
parameterizing virtual new physics effects. I then apply the formalism to certain top-quark processes. 


1 Introduction 

In this talk I will discuss the possibilities of detecting non-Standard Model physics thorough virtual effects at 
a high-energy linear collider. In the description of these effects I will use the effective Lagrangian formalism. 


2 Effective lagrangians 

It is a commonly held belief that the Standard Model is but the low-energy limit of a more fundamental 
theory. In fact there is a myriad of models which reduce to the Standard Model at low energies (below, say, 
ITeV) but which exhibit a plethora of new effects at smaller scales. I will adopt this paradigm with the 
added condition that there is a energy gap between the Standard Model scale v ~ 250GeV and the scale of 
new physics A. One important goal of the approach I will follow (for general references see [Q and references 
therein) is to obtain reliable estimates (or reliable bounds) for A using current data; this information can then 
be used to estimate the energy at which new colliders must operate. 

Note that there are interesting models which do not satisfy v -C A. For example, many supersymmetric 
theories predict light, non-Standard Model scalars of masses below 200GeV ||. One can discuss such theories 
using the formalism to be developed below, but in order to do so the spectrum at low energies must be 
modified to include all the light supersymmetric particles. I will not consider this possibility here (see ||). 

Given the presence of a gap we can imagine integrating out all the heavy excitations of the theory. 
The effective interactions (for the light particles) generated in this manner are summarized in an effective 
Lagrangian. 

Schematically, denoting the heavy fields by <h, the light fields by </>, and the action for the theory underlying 
the Standard Model by S($, </>), then the effective action is 


S'eff(b) = -* ln 


J [d<h] exp(iS) 


( 1 ) 


Note that S e g will have a dependence on A, and that A assumed much larger than any of the light physics 
scales (including the energy at the available experiments). Thus one can do an expansion in powers of A [Q 
(up to possible logarithmic factors), 

oo , 

Seff=E w d 4 x C n (2) 

ra=—4 1 
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where C n can be expanded as a linear combination of local operators, 


^ = E/a” )0 i n) 

a 


( 3 ) 


(any logarithmic dependence on A is contained in the coefficients 

The terms £„, n < 0 correspond to the Standard Model; the A dependence of these terms is unobserv¬ 
able 0. The contributions £„, n > 0 summarize the virtual heavy-physics effects. If the action S is known 
then one can calculate the coefficients /i”' 1 in terms of the parameters of the heavy theory, but one can also 
take a complementary approach and parameterize all possible heavy physics effects using these quantities. 
This is the approach taken here. 

There are no general statements concerning the global symmetry properties of the various terms £„. It is 
quite possible for some terms to have a given global symmetry which is absent in others. A clear example 
is baryon number violation: the Standard Model, corresponding to £ n . n < 0, automatically conserves B 
(ignoring possible instanton effects [|j); on the other hand there are contributions to £2 which violate B 
(for example, assuming the underlying theory to be the SU{ 5) GUT there are well-known baryon-violating 
operators of dimension 6 generated by the exchange of heavy vectors jcj). 

In contrast local symmetries must permeate all the C n |7|. Since the Standard Model is assumed to be 
SU{2> ) x SU{ 2) x t/(l) symmetric, the same will be true for all higher-dimensional operators Since each 
operator will then involve several interactions this can result in a reduction in the number of undetermined 
parameters. 

For example, the dominating non-standard contributions to the triple and quartic gauge-boson vertices 
(excluding gluons) appear in £2 and involve only 4 independent coefficients. In contrast the most general 
Lorentz invariant expression for the triple gauge-boson (not including gluons) vertices involve 13 unknown 
coefficients El 

The effective approach described above is natural 0 , consistent Q and its predictions have been verified 
repeatedly (even for strongly coupled theories, see for example f|). 

3 Segregating operators 

One important feature of the effective Lagrangian approach is the possibility of estimating the coefficients 
fa U K It then becomes possible to isolate those operators whose coefficients are not a priori suppressed and 
will potentially generate the strongest deviations from the Standard Model. 

The coefficients estimates strongly depends on the low energy scalar spectrum. I will consider two possi¬ 
bilities (for a more complicated scenario see |]lG|): 

• Light Higgs case: the light spectrum is taken to correspond to that of the Standard Model with a single 
light doublet. In this case, assuming naturality |j|, the heavy theory should be weakly coupled ifirf . 
The dominating operators will then be those generated at tree level; the list of such operators appeared 
in Ref. |li|. Subdominant operators appear with coefficients suppressed by a factor ~ l/(47r) 2 . 

• Chiral case: the light spectrum corresponds to that of the Standard Model with no physical scalars. In 
this case the symmetry breaking sector is strongly coupled [^3| and the coefficients can be estimated 
using naive dimensional analysis |b|| . 

With these estimates A has a direct interpretation. For the light Higgs case it represents the mass of a 
heavy excitation; for the chiral case it represents the scale at which the new interactions become apparent. 
In this talk I will consider only the light Higgs case. 

The above estimates are verified in all models where calculations and/or data are available. In choosing 
processes with which to probe the physics underlying the Standard Model one should therefore concentrate 
on reactions where the dominating operators (those with the largest coefficients) contribute. 

1 Subdominant contributions to this vertex, generated by £„>3 will generate the remaining 9 contributions, but the corre¬ 

sponding coefficients are suppressed by a factor of (v/A ) k , k >2. 
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As an example one can study the WW 7 and WWZ vertices (CP conserving) in the case where there are 
light scalars. The dominating (non-Standard Model) operators have dimension 6 ; there are two of them: 


= 9 3 e IJK W^W^W^ 

Owe = gg'^S^W 1 ^ (4) 


where W^ v and B^ u denote the SU( 2) and U( 1) field-strengths respectively, with gauge coupling constants 
g and g'\ I,J, etc. denote SU{2) indices and </> the Standard Model doublet. Gauge coupling constants are 
explicitly included since gauge field couple universally. Incidentally it is worth noting that Ow is the only 
CP conserving non-Standard Model operator generating vertices with > 4 (electroweak) gauger bosons. 

The effective Lagrangian contains terms (/hz/A 2 )©^ + (fwB / h- 2 )OwB which in terms of the usual nota¬ 
tion |H| translates into 


A _ A ._ &m w9 2 , . 

^7 — Z — ^2 JW1 

a « 7 = a Kz = ^kf WB 


(5) 


Since the operators are loop generated we have fwiSwB ~ 1 / (167t 2 ) and 


A 


10GeV\ 


An 


15GeVA 

~~A“~ ) 


( 6 ) 


so that a measurement stating A < 0.05 corresponds to A > 45GeV. In order to obtain non-trivial information 
about A from A or An we need to measure these coefficients to a precision of ~ 10 -4 . 

On the other hand the effective operator (feey. 11 / A 2 )(eL 7 a ei)(/ 2 L 7 a \ijf) is generated at tree level (/ eewi ~ 
1) and current bounds |I(| correspond to A>0.8TeV. This implies that any new (weakly-coupled) physics 
generating this operator will not be seen directly below this scale. 

An example may serve to illustrate the above results. The effective Lagrangian describing neutron (3 
decay is C n p ~ Gf (ny^p) (e^av), with Gf ~ (mass) -2 . The above arguments suggest Gf ~ l/Lambda 2 
with A of the order of the mass of a heavy particle (up to coupling constants). But one could also have 
written Gf = d/mf/ where m n is the neutron mass, which is certainly fine, one must only remember that 
d ~ (■ m n /v ) 2 ~ 10 -5 . 

It is, of course, possible for some coefficients to be suppressed by an unknown symmetry. In this case 
one cannot distinguish between such a suppression and a large value of A 0. In contrast there is no known 
mechanism for enhancing the above estimates by more than a factor <10 [ p~7| . For example, if one imagines 
that there are N particles contributing to a given operator at the one-loop level the coefficient corresponding to 
this operator will be ~ N/(4tt) 2 which can be 0(1) for N = 0(100). In this case, however, the theory cannot 
be analyzed using perturbation theory, in particular, the Higgs mass becomes of order A and disappears from 
the low-energy spectrum |llj] . 


4 Dominating operators involving the top quark 

In the case where there are light scalars there are three types of operators involving the top quark generated 
at tree level. All these operators are SU{3) x SU(2) x 17(1) gauge invariant. 

• Four fermion interactions. Examples are, 

(tR'y^t R ) (e^e^) 

(pLtR) - {e L e R ) (t L t R ) (7) 

(where the second is suppressed since it violates chiral symmetry and contributes to the electron mass). 

2 Which is not inconsistent: if new physics with scale A does not generate a given operator O , it is still possible for some 

heavier physics with scale A' to generate 0\ the bounds obtained then refer to A'. 
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• Gauge-boson couplings. For example 

i {ftD^ft, (t R ftt R ) 

where (f> denotes the Standard Model doublet. 

• Scalar couplings. For example, in the unitary gauge, 

HH L t R 


( 8 ) 


(9) 


where H denotes the physical scalar. 

In contrast operators such as (to^t) F^ v and F^ v are generated at one loop by the underlying 

theory and their coefficients are suppressed by a factor ~ 1/(47t) 2 . 

From this one can infer the types of reactions which involve the top quark and which can best probe 
the physics underlying the Standard Model. It is also possible to determine the type of new physics which 
generates the higher-dimensional operators. For example, the first of the operators in (|t|) would be generated 
by a heavy vector, the operators (||) are also generated by virtual heavy vector bosons jl2|, etc. In many 
reactions only one operator dominates the cross section, in these cases one can also specify the type(s) of new 
physics which are probed by this process under consideration. 


5 Dominating new physics effects in tt production through W 
fusion 


One reaction where new physics effects might be probed is in tt production through W fusion. This process 
is interesting among other reasons, because the cross section increases with energy 0 . 

The new physics effects which can be probed in this process are those modifying the Wtb, Ztt , WWFt 
and Fdtt vertices. The relevant operators are (the contributing graphs are given in fig. |IJ). 


Operator 


O 

O 

O 

O 

O 

O 


U(p — 
(!) = 
<t>q 

(3) = 

r/jq 

(j)U — 
= 

( 1 ) _ 
<t> 


{ft ft) (qtn.4>) 


i {ftD^ft) qYq 
i {ft^D^ft, qrft^q 
i iftD^ft) i R jH R 
i {(f^eD^ft) t R Yb R 


{ft (ft, {D^ (D^) 


Vertices affected 
Htt 

Ztt, Fttt 
Ztt, Wtb, Fttt 
Ztt, Fttt 
Wtb 
WWH 


The existing data only bounds the Wtb coupling for which A > 500GeV for a left-handed coupling and 
A > 300GeV for a right-handed one. It is worth pointing out that the Ztt coupling can be measured to a 1% 
accuracy at both the LHC and the NLC |Q 

The total cross section proves to be a mediocre probe for new physics; see for example, fig |] 

A more sensitive probe is the forward-backward asymmetry, A R b which can exhibit deviations of few x 10% 
from the Standard Model prediction. Assuming an efficiency of 18% [^TJ we see from fig. || that a 1.5TeV 
NLC will be sensitive to scales A up to ~ 2.5TeV. 

The most important contribution to this process is the t-channel b quark exchange and so this process is 
most sensitive to the Wtb vertex. The deviations from the Standard Model in this interactions come from a 
heavy W’, as, for example in fig. [| 


in 



e corresponding Standard Model calculations can be found in 


& 


A related calculation at a fifi collider can be found 
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Figure 1: Graphs for tt production through W fusion, heavy dots denote vertices affected by the effective 
operators. 
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Figure 2: Total cross section for tt production through W fusion (calculated using the effective W approx¬ 
imation); Standard Model: lower curve, Standard Modelplus effective operators: top curve. The effective 
operator coefficients were all chosen t be ±1 with the signs chosen to give the maximum effect. 

6 Other processes 

• Better probe of new physics involving the top quark are the reactions qq —> tt |^| at the Tevatron and 
e + e _ —> tt at a ITeV NLC {23|. In the first case a sensitivity to scales up to 850GeV can be reached 
and up to A < 5TeV for the second reaction. 

• As an example of reactions which probe physics not containing the top quark a good example is the 
process e + e _ —> ZH [^4| which is strongly affected by an effective vertex of the form (e 7 a e) Z a H 
generated by a heavy Z' vector boson. The reach in A of this process is presented in fig. ||; for details 
see Q □ 


7 Conclusions 


The NLC will provide a very powerful tool for probing virtual non-Standard Model physics. The effective 
Lagrangian approach provides a rationale for the choice of processes to study, this method has been tested 
severally and its predictions and estimates agree with all known calculations and experiments. Among the 


4 This reaction has also been studied in the context of trip gauge boson vertices and CP violation 
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Figure 3: Deviation from the Standard Model in the forward-backward asymmetry in tt production though 
W fusion 



Figure 4: Possible modification of the Wtb vertex due to the presence of a heavy W'. 


processes involving the top quark the forward-backward asymmetry is sensitive to new physics both in the 
direct and the W-fusion reactions. 
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